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We apply the full one-loop corrections to the masses, gauge couplings, and 
Yukawa couplings in the minimal supersymmetric standard model. We focus 
on predictions for the strong coupling and the bottom-quark pole mass in the 
fN| ' context of SU(5) supersymmetric grand unification. We discuss our results in 

both the small and large tan/3 regimes. We demonstrate that the finite (non- 
logarithmic) corrections to the weak mixing angle are essential in determining 
a s and mb when some superpartner masses are light. Minimal SU(5) predicts 
acceptable a s and m.b only at small tan/3 with SUSY masses of O(TeV). The 
missing doublet model accommodates gauge and Yukawa coupling unification 
for small or large tan /3, and for any SUSY mass scale. In the large tan (3 case, 
Oh, the bottom mass is acceptable only if the Higgsino mass parameter \x is positive. 



1. Introduction 



This talk is organized as follows. First, we briefly discuss the supersymmetric 
standard model, in order to introduce the parameter space we are considering. Next, 
we discuss the prediction for the strong coupling constant and the bottom pole mass 
with and without including GUT threshold effects, in the small tan/3 case. Lastly we 
discuss our results in the large tan /3 regime. 

The minimal supersymmetric model is attractive in that it solves the hierarchy 
problem. It does this, however, at the expense of doubling the number of degrees 
of freedom of the standard model. This is problematic, as supersymmetry must be 
broken and hence the number of new parameters needed to describe the model is in 
general quite large. An organizing principle is needed in order to reduce the number 
of parameters. In a minimal supergravity scenario the number of supersymmetry 
breaking parameters needed to describe the supersymmetric model are few: a uni- 
versal scalar mass Mq, a universal gaugino mass M ly / 2 , a universal trilinear scalar 
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coupling Aq, and a bilinear scalar coupling B. In addition there is a supersymmetric 
Higgs mass term, fi. Given values for these five parameters at the GUT scale, we 
use the renormalization group equations (RGE's) to determine the various parti- 
cle masses and couplings at the weak scale. For a large top-quark mass, one of the 
Higgs boson masses is driven negative, and the radiative breaking of SU(2) x £7(1) 
symmetry becomes manifest. The Higgs bosons obtain vev's V\ and t>2, and we can 
determine the Z-boson mass. In practice it is convenient to assume electroweak sym- 
metry breaks radiatively and to take Mz as an input parameter, as well as the ratio 
of vev's tan/? = t^/fi- We then determine /i 2 and B from the symmetry breaking 
conditions. To summarize, then, the supersymmetric model is parametrized by 

M , Mi/2, A), tan/?, sign(/i). 

The exact one-loop corrections to the masses, gauge couplings and Yukawa cou- 
plings of the minimal supersymmetric model are described in Ref. [2]. These correc- 
tions are essential ingredients for accurate tests of grand unification. They allow one 
to extract the underlying ~DR parameters from a given set of measured observables. 
The ~DR parameters can then be run up to a high scale to explore the consequences 
of different unification hypotheses. 

Alternatively, the radiative corrections can be used to translate various limits into 
excluded regions of the TTr parameter space. This is illustrated in Fig. 1, where we 
show the excluded region of the M , My 2 parameter space at the one- loop level, from 
current experimental constraints. 

In the following, we treat all supersymmetric threshold corrections in a complete 
one-loop analysis." Our work stands in contrast to most previous studies, which are 
based on the "leading logarithm approximation." For the gauge coupling threshold 
corrections, this approximation involves taking the standard-model value of sin 2 9\y 
and adding the logarithmic parts of the SUSY threshold corrections. The approxima- 
tion works well if all of the SUSY particle masses are much greater than Mz, in which 
case the decoupling theorem implies that the finite effects of the SUSY particles are 
negligible for all low-energy observables. 

However, in realistic models it is not unusual for the supersymmetric spectrum 
to contain light particles of order the Z-mass. In this case the leading logarithm 
approximation breaks down. This is illustrated in Fig. 2, where we compare the value 
of a s and in the leading logarithm approximation (LLA) with the value obtained 
in the full calculation. In this talk we use the full set of one-loop radiative corrections 
to evaluate the ~DR gauge and Yukawa couplings. The Wi couplings serve as the 
boundary conditions for the two-loop gauge and Yukawa coupling renormalization 
group equations, which determine the couplings at very high scales. 

In what follows, we have converted the strong coupling to the MS scheme so that 
by a s we refer to the standard MS value evaluated at the scale Mz- By m& we refer 

a See Chankowski et al. i for a similar treatment of finite corrections to sin 2 Q\y . 
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Figure 1: Excluded region (shaded) of the M , M 1 / 2 plane, for tan/3 = 2, m t = 175 
GeV, Aq = 0, and a s = 0.117. All masses are evaluated at one- loop. The symbols indicate 
which experimental constraint is relevant: x + =^ m x + > ^ GeV; g => rrig > 125 GeV; 
P^m,u> 42 GeV; h => m h > 60 GeV. 



to the bottom-quark pole mass. 
2. Small tan/3 

As a reference point, we show in Fig. 3 contours of m;, and a s in the M , M 1 / 2 
plane, with no GUT thresholds, tan (3 = 2, m t = 175 GeV, and A =0. We confine our 
attention to the region of the theory which is more natural, i.e. to the region where 
the superpartner masses are less than about 1 TeV. We find the strong coupling is 
large (a s > 0.127) compared to the PDG value @ a s = 0.117 ± 0.005. Similarly, the 
bottom mass is quite large (m;, > 6 GeV), far outside the preferred region which we 
take to be 4.7 < m h < 5.2 GeV. 

The experimental uncertainty in the determination of a s is primarily due to the 
uncertainty in determining the electromagnetic coupling at the Z-scale. We use the 
value recently determined by Eidelman and Jegerlehner Q. The one-sigma uncertainty 
in our input ck£m(Mz) results in a one-sigma uncertainty in our output a s of about 
±0.001, and an uncertainty of typically 0.07 GeV in our bottom mass prediction. 
Martin and Zeppenfeld i and Swartz Q have also performed analyses to determine 
ot EM {Mz). The central value for a s increases by about 0.001 if we use the value of 
c^em(Mz) as determined by Martin and Zeppenfeld, and it increases by about 0.002 
if we use the value of aEuiMz) from Swartz. 

The bottom mass is reduced if we go further into the small tan/3 region, due 
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Figure 2: Comparison of (a) a s and (b) mi, in the leading logarithm approximation (LLA) 
versus the full one-loop calculation, for Mq = 60 GeV, tan/3 = 2, m t = 175 GeV, Aq = 0, 
and /i > 0. The dashed line shows the result if the non-universal corrections are neglected. 
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to the large top-quark Yukawa coupling in the bottom mass renormalization group 
equation. We consider the case where the top Yukawa is as large as possible; we set 
At(McuT) = 3, which is on the verge of the nonperturbative regime. In this case we 
will obtain the smallest possible bottom mass. As seen in Fig. 4, for m t = 180 GeV 
the bottom mass is less than 5.2 GeV and the strong coupling is less than 0.127 only 
if the squark masses are in the TeV region. 

If we consider particular GUT models, we can determine whether the GUT thresh- 
old corrections to the gauge and Yukawa couplings can help improve the situation. 
We parametrize the GUT threshold corrections by e g and £&, where 



g 3 (M GVT ) = 5 , gut(M GU t) (1 



A 6 (M GUT ) = A T (M GUT ) (1 + e b ) , 

where X b and A T are the b- and r- Yukawa couplings, and M GU t is defined as the scale 
at which g\ and gi meet, gcvT = A , i(^gut) = 5'2(^gut)- A smaller value of ot s 
requires e g < 0. In the small tan/3 region the bottom mass is tightly correlated with 
the value of the strong coupling. Hence, setting e g < reduces both a s and m b . In 
fact, the bottom mass is an order of magnitude more sensitive to e g than to In 
what follows we examine the GUT corrections in two SU(5) GUT models. 

In the minimal SU(5) model i, the gauge coupling threshold correction e' g is given 
by i 



40tt 2 8 VMgut 
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Figure 3: Contours of a s (solid lines) and nib (dashed) in the Mq, Mi/ 2 plane, with 
tan f3 = 2, m t = 175 GeV, and Aq = 0. The upper left hand corners are excluded on 
cosmological grounds (charged LSP) and the lower shaded regions are excluded by particle 
searches. The nib contours are labeled in GeV. 



where M# 3 is the mass of the color-triplet Higgs particle that mediates nucleoli decay. 
From this expression, we see that e' g < whenever M# 3 < Mqut- However, M# 3 
is bounded from below by proton decay experiments. The M Hz mass limit is of the 
form 

|1 _|_ ytK\ 

> M ■ h - fi™' d > "> g ) 

sinzp 

where A4 is a nuclear matrix element, y tK parametrizes the amount of third generation 
mixing, and / is a function of the wino, squark and slepton masses. 

For the conservative choices M. = 0.003 GeV 3 and |1 + y tK \ = 0.4 we find that 
M^f > M GU T unless M > 500 GeV and M x/2 < M . Thus, in most of the parameter 
space, e' g > 0. For this reason, in minimal SU(5), a s is typically even larger than 
in the case of no GUT thresholds, as illustrated in Fig. 5(a). In order to obtain the 
smallest possible a s and rrib, we have set A^Mqut) = 3 in Fig. 5(a). Thus we end 
up with rather small values for tan/3 (~ 1.3-1.6), and the Higgs mass constraint rules 
out a large part of parameter space. Only in the region M 3> Mi/ 2 , where the proton 
decay amplitude is suppressed, is the strong coupling reduced relative to the case with 
no GUT thresholds. The smallest value of a s occurs in this region, a somewhat large 
value of 0.124. The bottom-quark mass is similarly on the high side of the preferred 
region. We have applied the most favorable Yukawa correction given in Wright 0, 
subject to Yukawa coupling perturbativity constraints (see Bagger et al. 

The missing-doublet model is an alternative SU(5) theory in which the heavy 
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Figure 4: The bottom-quark mass and a s vs. m t for the case of no GUT-scale thresholds, 
for various values of tan/3, with Aq — 0, [i > 0, and A^Mgtjt) = 3. The circles on the right 
(solid) leg in each pair of lines corresponds to M 1 / 2 equal to (from top to bottom) 60, 100, 
200, 500 GeV, with Mq fixed at 100 GeV. The circles on the left (dashed) leg corresponds to 
M equal to 100, 200, 400 and 1000 GeV, with M 1/2 = 100 GeV. The horizontal dot-dashed 
lines indicate m& — 5.2 GeV and a s = 0.127. The x's mark points with one-loop Higgs 
mass rrih < 60 GeV. 



color-triplet Higgs particles are split naturally from the light Higgs doublets lii In 
this model the GUT gauge threshold correction is given by Hj 



< = wMS-f '°S 5+151 °^ - 4-4%. (2) 



Thus, for fixed M# 3 , the missing-doublet model has the same threshold correction as 
the minimal SU(5) model, minus 4%. In eq. (@), Mg 3 is the effective mass that enters 
into the proton decay amplitude, so the bounds on M# 3 in the minimal SU(5) model 
also apply to Mjf^ in the missing-doublet model. 

The large negative correction in eq. (H) is due to the mass splitting in the 75 
representation, and gives rise to much smaller values for a s and mj. This is illustrated 
in Fig. 5(b), where we show contours of a s and mj in the Mq, Min plane, with 
MJ? = Mj£ 3 m , at tan/? = 2. We find (even without going into the far infrared top 
Yukawa fixed point region) values of both the strong coupling and the bottom mass 
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Figure 5: Contours of the smallest possible a s (solid lines) and nib (dashed) consistent 
with nucleon decay in (a) minimal SU(5), and (b) missing doublet SU(5), with m t = 175 
GeV, A = and /i > 0. In (a) A t (Af GUT ) = 3 (tan/3 ~ 1.4) and in (b) tan/3 = 2. The 
shaded regions are phenomenologically excluded. The m& contours are labeled in GeV. 



near their central values. 



3. Large tan/? 

Again, as a reference point, we show in Fig. 6 the strong coupling and bottom mass 
prediction with no GUT corrections, for A = 0, m t = 175 GeV, at tan/3 = 30. The 
a s predictions are not significantly different from the small tan (3 case. The bottom 
mass is significantly influenced by the large finite corrections El, 



Ami, fi tan /3 



167r 2 m~ 



so much so, that for the case \x < the bottom mass is hopelessly large. However, 
these help to reduce m;, when fi > 0. Even so, we see in Fig. 6(a) that mj > 5.5 GeV. 
GUT threshold corrections are needed to reduce both a s and m& further. 

In minimal SU(5) the proton decay rate is enhanced at large tan /3, so the triplet 
Higgs mass Mh 3 is forced to be quite large. Hence, we have a large and positive GUT 
correction e' g (Eq. ([]])) which forces the strong coupling to unacceptably large values 
(>0.14). Hence we conclude that minimal SU(5) is ruled out at large tan/3. 

In the missing doublet model the large triplet Higgs mass correction is adequately 
compensated by the constant —4% correction of Eq. (|2]). As shown in Fig. 7, this 
cancellation results in near central values for a s and m&. However, fi > is clearly 
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Figure 6: Contours of a s (solid) and m b (dashed, labeled in GeV) with no GUT thresholds, 
m t = 175 GeV, A = and tan ,3 = 30. 



required when tan (3 becomes large, as the large finite corrections have the wrong sign 
in the fx < case, yielding values of m& which are unacceptably large. 

4. Conclusion 

In this talk we have presented results from a complete calculation of the one-loop 
corrections to the masses, gauge, and Yukawa couplings in the MSSM. We have seen 
that such a calculation allows us to reliably investigate various unified models to de- 
termine whether they are compatible with current experimental data. In particular, 
we found that the finite SUSY corrections, which are neglected in the leading loga- 
rithm approximation, can substantially increase the prediction for a s and m h when 
some of the SUSY partner masses are lighter than or of order M z . 

For small tan/5, we found that in the minimal SU(5) model, a s was somewhat 
large (a s > 0.124 with rrig < 1 TeV) and m& was larger than 5 GeV. The missing 
doublet model gave much lower values of a s and m b , near their central values. 

For large tan f3, the minimal SU(5) model GUT threshold correction became quite 
large and positive, and this resulted in unacceptably large values of the strong cou- 
pling (a s >0.14). The missing doublet model, on the other hand, had no trouble in 
accomodating the central values of the strong coupling and m&. The values of mj 
were largely determined by important finite corrections, and we required fx > in 
order for these corrections to result in acceptably small values of the bottom-quark 
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Figure 7: Contours of a s (solid) and nib (dashed, labeled in GeV) in missing doublet 
SU(5), with m t = 175 GeV, A = and tan/3 = 30. 

mass. 
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